The structural properties of liver microsomes and erythrocytes obtained from rats that had been chronically administered ethanol were examined by electron spin resonance (ESR) following ethanol withdrawal for 1-10 days. Membranes obtained from control animals exhibited considerable molecular disordering upon the addition of ethanol in vitro (50-100 mM). Conversely, microsomal and erythrocyte membranes from alcoholic animals were resistant to this disordering by ethanol (membrane tolerance). These membrane properties were also apparent in lipid bilayers comprised of either total lipids or phospholipids isolated from the control and alcoholic animals. While several weeks of ethanol administration were required for both erythrocytes and microsomes to develop membrane tolerance, erythrocytes from alcoholic animals were disordered by ethanol in vitro after the animals had been withdrawn from ethanol for only 1 day. The same rapid loss of tolerance was observed in microsomes after 2 days of withdrawal. The same time course for the loss of tolerance was observed in lipid bilayers prepared from the total lipid and phospholipid extracts. No significant differences in the cholesterol/phospholipid ratio were observed between the microsomal or erythrocyte membranes isolated before and after withdrawal. Thus, alterations in the microsomal and erythrocyte phospholipids, and not cholesterol content, were responsible for conveying membrane tolerance. Membrane structural properties can be rapidly adjusted in a mammalian system in response to the withdrawal of the external membrane perturbant ethanol. The withdrawal model, which begins with established membrane tolerance and leads to rapid and complete loss of tolerance, provides a model to analyze the compositional changes responsible for this tolerance to disordering by ethanol.
cholesterol/phospholipid ratio were observed between the microsomal or erythrocyte membranes isolated before and after withdrawal. Thus, alterations in the microsomal and erythrocyte phospholipids, and not cholesterol content, were responsible for conveying membrane tolerance. Membrane structural properties can be rapidly adjusted in a mammalian system in response to the withdrawal of the external membrane perturbant ethanol. The withdrawal model, which begins with established membrane tolerance and leads to rapid and complete loss of tolerance, provides a model to analyze the compositional changes responsible for this tolerance to disordering by ethanol.
Chronic ethanol administration causes profound structural and functional alterations in biological membranes (reviewed in ref. 1). Chin and Goldstein (2) first reported that erythrocytes and brain synaptosomes isolated from mice chronically administered ethanol were resistant to the membrane disordering effect of ethanol in vitro. In this communication, we refer to this resistance as membrane tolerance. This phenomenon has since been observed in liver plasma membranes (3), liver mitochondria (4) and microsomes (5, 6) , and brain synaptosomes (7) of different animal species. Synaptosomal and mitochondrial membranes from ethanol-fed rats exhibit cross tolerance to the inhalation anesthetic, halothane (8) . This membrane tolerance to disordering is associated with a decrease in the partition coefficient of these molecules (8) .
The specific structural and chemical changes in the membranes that are responsible for the acquired tolerance to ethanol have not yet been identified. Alterations in fatty acid composition have been evoked as being responsible, but no consistent pattern of fatty acid compositional changes has been forthcoming and reported changes are small (see for review ref. 1 ). An increased cholesterol content has also been suggested to play a major role in the development of membrane tolerance (9) , but in many instances the cholesterol content of the membranes is unchanged (10), or even decreased (11), following chronic ethanol treatment. Furthermore, mitochondrial membranes, which contain trace amounts (if any) of cholesterol, become tolerant. Membrane tolerance has also been observed in lipid multilayers prepared solely from alcoholic mitochondrial phospholipids (4) .
The majority of the physicochemical and compositional studies that have been undertaken to investigate ethanol-membrane interactions have been directed toward alterations that occur during the development of chronic alcoholism. By contrast, the loss of membrane tolerance after withdrawal from ethanol feeding, i.e., the reestablishment of a normal membrane, is also likely to provide important information. We, therefore, embarked upon a study to determine the time course for the loss of membrane tolerance following termination of chronic ethanol feeding. We examined rat liver microsomes and erythrocyte membranes because (i) their membrane lipids are derived from different sources (e.g., endoplasmic reticulum vs. serum), (ii) their rates of lipid turnover vary, (iii) their cholesterol contents are different, and (iv) the erythrocyte is a plasma membrane, whereas the microsomes are subcellular organelles. The withdrawal system we have developed provides a reliable and easily reproducible model to investigate the mechanism(s) by which biological membranes adapt to the chronic presence of ethanol.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (Charles River Breeding Laboratories) initially weighing 100-130 g, were fed a totally liquid diet (Bio-Serve, Frenchtown, NJ) in which ethanol comprised 36% of total calories, as described (12) . "Alcoholic" animals were chronically fed the diet containing ethanol for 35 days. Pair-fed, littermate controls received the same diet, except that carbohydrates isocalorically replaced ethanol. Ethanol consumption averaged 14-16 g per kg of body weight per day. For the withdrawal studies, alcoholic animals were withdrawn from ethanol feeding for 1-10 days, during which time they received the control diet. The caloric intake of the rats was controlled during withdrawal, such that the amount of diet consumed equaled the amount of the alcoholic diet taken the day prior to withdrawal.
Preparation of Membranes. Microsomes were prepared from the livers of control and alcoholic rats, as described (6) .
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Spin Labeling of Membranes. Microsomes were labeled with PtdCho12 and Ste12, as described (6) . Ghosts from control and alcoholic rats were labeled with Stel2 by incubating 1 vol of membranes (2-3 mg of protein per ml) with 0.5 vol of phosphate-buffered saline (PBS; 0.9% NaCl, 10 mm sodium phosphate, pH 7.4 ) and 0.5 vol of Stel2-bovine serum albumin complex. This complex was prepared by mixing 5 mg of Ste12 with 5 ml of 5% (wt/vol) bovine serum albumin and stirring overnight at 250C, followed by filtration through a millipore filter. Addition of this complex facilitated rapid labeling of the membrane. The ghosts and Stel2-bovine serum albumin were mixed for 30 min at 370C. Unincorporated spin label was removed by multiple washings with PBS and centrifugation at 1400 x g for 10 min. Ghosts were labeled with PtdChol2 by preparing sonicated vesicles (250 A in diameter) of the phospholipid probe, which were mixed with ghosts prepared from either control or alcoholic rats at a ratio of 3:1, mol of membrane lipid:mol of probe, for 45 min at 37°C. Unincorporated probe was removed by repeated centrifugation at 1400 x g for 10 min. The final membrane lipid:probe ratio in all of the labeled membranes was determined to be 120:1, mol/mol.
Spin-Labeled Liposomes. Total membrane lipids were isolated by extraction from the microsomal or erythrocyte preparations, according to Bligh and Dyer (14) . Phospholipids were separated from neutral lipids on a silicic acid column, as described (15) . Phospholipid phosphate was determined by the Bartlett procedure (16) and cholesterol was measured using cholesterol oxidase (17) . Spin labels were incorporated into the total lipid or phospholipid bilayers by mixing the lipid extract and the spin probe in a ratio of 120 mol of lipid phosphate:mol of probe, which was followed by high vacuum dessication to remove traces of solvent. Subsequently, the dried microsomal lipid-spin label film was hydrated with 0.25 M sucrose, 10 mM Mops (pH 7.0), and 2 mM benzamidine. Lipids from erythrocytes were prepared in a similar fashion, except that PBS, pH 7.2, was used as the hydration buffer. The solutions were Vortex mixed, resulting in the spontaneous formation of multilamellar vesicles containing the desired probe.
ESR Spectroscopy. The spin-labeled sample, following the addition of the appropriate amount of ethanol, was Vortex mixed for 2 min at room temperature, transferred to a 100 ,ul capillary tube and flame sealed. Capillary tubes were placed in a Varian E-109B ESR spectrometer cavity dewar liner in a standard 4-mm quartz ESR tube, which contained silicon oil to maintain thermal stability. All samples were equilibrated for 7 min in the cavity at 37°C prior to recording the spectra.
ESR spectra were accumulated with an SD Systems S-100 microcomputer interfaced to the ESR spectrometer. The molecular order parameter S calculated from the inner hyperfine splitting 2Tl, was determined as described (6) , according to Gaffney and McNamee (18) . The order parameter was also estimated by computer subtraction. Typical spectrometer settings were as follows: spectral scan, 100 G (1 G = 10-4 T); modulation amplitude, 1.0 G; and microwave power, 5 mW. All measurements were made at 37°C.
RESULTS
Response to Withdrawal from Ethanol. Microsomes. The effect of ethanol in vitro on the membrane molecular order parameter was assessed by ESR for liver microsomes isolated from untreated rats, rats chronically fed ethanol, and alcoholic rats withdrawn from ethanol (Fig. 1) . The molecular order parameter S provides a measure of membrane structural order, since the motionally averaged spectral hyperffne splittings are influenced by the angular amplitude and rate of motion experienced by the lipid hydrocarbon chains bearing the spin label group. The results were obtained from microsomes labeled with the phospholipid probe PtdChol2 (Fig. 1) . Similar results were obtained with microsomes labeled with Stel2. In agreement with an earlier report from this laboratory (6), the addition of various amounts of ethanol in vitro (50, 75, and 100 mM) caused a decrease in the order parameter from 0.372 to 0.356. Such behavior is indicative of significant membrane molecular disordering. Molecular disordering, characterized by an increase in the spectral splitting 2T1, reflects the greater angular displacement of the lipid fatty acid chains bearing the spin label group from the long molecular axis of the lipid in the membrane bilayer. Conversely, the order parameters determined for microsomes obtained from chronically alcoholic rats were unchanged over the same range of ethanol concentrations.
This resistance to disordering by ethanol has been reported for alcoholic microsomes labeled with fatty acid or phospholipid spin probes (6) . No differences in baseline-order parameters (no ethanol added) were observed for microsomes obtained from control or ethanol-treated animals. Using the alcoholic liquid diet, we found that a period of28-35 days was required for all ofthe animals treated chronically with ethanol to display membrane tolerance.
Following 1 day of ethanol withdrawal, the microsomes remained totally resistant to disordering by ethanol (up to 100 mM) in vitro (Fig. 1) . After only 2 days of ethanol withdrawal, the microsomes were disordered by the addition of 75 mM ethanol ( Fig. 1) , as evidenced by a decrease in the order parameter. The extent of membrane disordering after 2 days of withdrawal was not as large (AS = 2.9%) as in the control membranes (AS = 4.6%) between 0 and 100 mM ethanol. Microsomes obtained from alcoholic animals that had been withdrawn from ethanol for 4 days had order-parameter profiles more similar to the controls. By 10 days of withdrawal, the order-parameter profiles were identical to those of the controls. Proc. Natl. Acad. Sci. USA 83 (1986) Lipids were extracted from microsomes isolated from at least three sets of pair-fed animals for each of the withdrawal conditions. Phospholipid phosphate measurements and cholesterol analyses were done in quadruplicate for each total lipid extract, and the average values were used to determine the cholesterol:phospholipid molar ratio in each extract. Those molar ratios for the control and withdrawing rats for each set of withdrawal conditions were presented as mean ± SD.
To locate the origin of the rapid loss of membrane tolerance, total lipid extracts were prepared from the microsomes used in the experiments described above. The results are summarized in Fig. 1 . Multilayer vesicles prepared from the control lipids were disordered by the addition of increasing amounts of ethanol (0 mM, S = 0.365; 100 mM, S = 0.344). Vesicles comprised of alcoholic lipids were resistant to ethanol-induced disordering (Fig. 1) . The time course of the loss of tolerance in the intact microsomes was paralleled in the total lipids. Total microsomal lipids obtained from animals withdrawn for 1 day were still resistant to disordering, and multilayers prepared from total microsomal lipids isolated from rats withdrawn for two days were disordered by 75 mM ethanol (0 mM, S = 0.365; 75 mM, S = 0.358). Following 4 days of withdrawal, the order-parameter profile could be superimposed on that of the control lipids (Fig. 1) . Between 0 and 100 mM ethanol, the bilayers from microsomal lipids obtained from rats withdrawn for 4 days experienced the same percent decrease in the order parameters as did bilayers from microsomes of control rats. This recovery was more rapid than in intact microsomes, which required a longer period of withdrawal (4-10 days) to display the full loss of membrane tolerance (Fig. 1) .
To determine whether membrane resistance to disordering by ethanol is a characteristic of the phospholipids only, bilayers prepared from microsomal phospholipids were examined for membrane tolerance. Bilayers prepared from phospholipids of control microsomes were considerably disordered by ethanol in vitro. The baseline-order parameters obtained from the bilayers comprised solely of the phospholipids (S = 0.333) were lower than those from the intact microsomes (S = 0.372) and from the total lipid extracts (S = 0.365). Bilayers prepared from alcoholic phospholipids were resistant to disordering by ethanol. Furthermore, as was observed in the intact membranes and the total lipid extracts, resistance to disordering by ethanol was lost in the phospholipid bilayers from animals withdrawn for 2 days. In a fashion similar to that of the total lipid extracts, 4 days of ethanol withdrawal were required for the order-parameter profiles of those membranes to display disordering to the same extent as those from control phospholipids (Fig. 1 ).
There were no differences in the cholesterol:phospholipid ratios between control and ethanol-treated animals ( Table 1 ). The cholesterol:phospholipid ratio (0.10) obtained for control microsomes was in good agreement with reported values (19, 20) .
Erythrocytes. The order-parameter profiles for Stel2-labeled ghosts obtained from control, alcoholic, or ethanolwithdrawn animals are presented in Fig. 2 . Similar results were obtained with erythrocytes labeled with PtdChol2. The erythrocytes were obtained from the same animals used in studies of microsomes discussed above. Similar to microsomal membranes, control erythrocytes were considerably disordered by the addition of ethanol in vitro (O mM, S -0.565; 100 mM, S = 0.543), whereas erythrocytes from alcoholic rats were resistant to membrane disordering over the same range (0-100 mM) (Fig. 2) . Interestingly, erythrocyte membranes from alcoholic rats displayed some loss of membrane tolerance after only 1 day of withdrawal. After 4 days the order-parameter profile of the ghosts could be superimposed on that of control membranes. This loss of tolerance was more rapid in lipid bilayers prepared from total erythrocyte lipids and from phospholipids only, beginning as from the erythrocyte total lipid and phospholipid extracts. The erythrocytes were obtained from the same animals used in the microsome studies presented in Fig. 1 . IResistance to disordering by ethanol was examined in ghosts isolated from untreated rats, (curve C, o), alcoholic rats (curve A, *), and alcoholic rats withdrawn from ethanol feeding for 1 day (curve 1, o), 2 days (curve 2, n), and 4 days (curve 4, *). Points represent the mean from four pairs of animals. Errors in each point were never greater than 0.75%. Differences in baseline order parameters (no ethanol added) are not statistically significant. (Fig. 2) . It was observed that the baseline-order parameter in the erythrocyte phospholipid multilayers (S = 0.337) was considerably lower than that in bilayers composed of total lipids (S = 0.490) or in ghosts (S = 0.565).
The cholesterol:phospholipid ratio (0.68, mol/mol) was unchanged in the erythrocytes from alcoholic rats after withdrawal (Table 1) , a finding that indicates that alterations in the erythrocyte phospholipids, and not cholesterol content, are responsible for conveying membrane tolerance. The cholesterol:phospholipid ratio we obtained for the erythrocyte was in agreement with other reports (21 Since tolerance can be observed in phospholipids extracted from three different membranes, it appears that changes in protein-lipid interactions cannot be implicated-asth1 sebtf tolerance. However, such interactions may be involved to some degree, since loss of tolerance in reconstituted bilayers is demonstrable after shorter periods of time than in intact membranes. The considerably lower baseline order parameters obtained for the phospholipid bilayers, compared to the intact membranes (see Figs. 1 and 2 ), reflects greater "fluidity" in the absence of lipid-protein interactions and cholesterol, both of which tend to order the membrane. This difference is more pronounced in erythrocytes, because the cholesterol:phospholipid ratio is much higher (0.68) than in microsomes (0.10).
We have previously shown (8) that acquired membrane tolerance is associated with a decreased partitioning of ethanol and halothane into the alcoholic membranes. Rottenberg (23) reported that erythrocytes isolated from alcoholic rats are more susceptible to ethanol-induced hemolysis than those from untreated animals, largely owing to a decreased partition of ethanol into the erythrocytes of treated rats. This enhanced hemolytic susceptibility was rapidly lost when the alcoholic rats were withdrawn from ethanol. The relationship between the partition coefficient and membrane molecular order is not entirely clear at this time. The decreased partition of ethanol into the alcoholic membrane may result from alterations in phospholipid molecular species, which might confer different molecular shapes to the phospholipids. Such alterations, which would go undetected using standard analytical techniques, could result in different packing properties of the membrane lipids, resulting in decreased partitioning of ethanol, and hence membrane tolerance. These alterations in lipid molecular species and packing properties would not necessarily cause any detectable change in membrane molecular order (fluidity) measured by ESR.
In summary, withdrawal from ethanol feeding provides a reproducible model to investigate the mechanisms by which cell membranes recover from the changes brought about by chronic ethanol administration. It appears that the mechanisms that restore the normal structure of the membrane following withdrawal operate more rapidly than those involved in establishing membrane tolerance. By monitoring changes in lipid composition, particularly molecular species, and correlating these with the rapid loss of tolerance, it may be possible to identify the specific lipid component(s) responsible for membrane tolerance to disordering by ethanol and other perturbing agents.
